In this paper, novel methods are presented to measure the optical properties of muon detectors (MDs) in the Large High-Altitude Air Shower Observatory (LHAASO), which can also be used by other experiments. Each MD consists of a cylindrical water Cherenkov detector, with a Tyvek liner containing pure water, and a photomultiplier tube (PMT) mounted on the top. The time distribution of the photons collected by the PMT in the water Cherenkov detector have an approximately exponential distribution, and their decay factor is determined by the photon absorption length in the water, the reflectivity of the inner Tyvek surface, the mean reflecting step length of photons reflected by the inner surface, and the ratio of reflectional Tyvek area to the total inner surface area. By considering the principles of photon propagation in the water Cherenkov detector, we have developed novel methods to measure the water absorption length, the Tyvek reflectivity, and the mean step length of photons. The step length of photons can be determined by measuring the time distribution of the reflected photons hitting the PMT after multiple photons with single wavelength are generated in the tank, with slightly different ratios of the inner Tyvek to the total inner area. The water absorption length and Tyvek reflectivity can be measured simultaneously by the PMT by changing the height of the water, while the step length and Tyvek reflectivity in air can also be measured simultaneously. The proposed novel methods are supported by deduction of formulae and verified by GEANT4 simulations and the prototype experiment.
Introduction
Water Cherenkov detectors, containing pure water enclosed in a bag with Tyvek reflective inner surface, are widely used by several experiments, such as Pierre Auger [1] , the Daya Bay reactor [2] , Super-Kamiokande [3] , Tibet As array [4] and the Large High-Altitude Air Shower Observatory (LHAASO) [5] . LHAASO is designed to search for cosmic ray sources by the measurement of gamma rays, and to study cosmic ray physics ranging from 10 TeV to a few hundreds of PeV [6] . The intended use of the 1171 water Cherenkov Muon Detectors (MDs) of the LHAASO, is to discriminate gamma rays from charged cosmic rays by detecting the muon content in the cosmic ray showers. For the LHAASO, each MD consists of a 6.8 m-diameter and 1.2 m-high concrete tank containing a sealed liner with a reflective inner Tyvek surface, and 44 t of pure water, and an 8-inch photomultiplier tube (PMT) mounted on the top to collect photons. Two MD prototypes of the same design, have been constructed at the Yangbajing Cosmic Ray Observatory (4300 m a.s.l.). Data analysis [7] and detailed GEANT4 simulation [8] have been performed to understand the signals of the MD prototypes, and the theory of photon propagation has fully been studied. When a charged particle passes through the water Cherenkov detector faster than the phase velocity of light in water, it generates approximately 300 Cherenkov photons per cm with wavelengths in the range of 300-600 nm. A part of the Cherenkov photons propagate through the water, while a part of them absorbed or scattered by the water, a part of them absorbed or reflected by Tyvek, and a part of them hits the PMT to generate signals. The GEANT4 simulation, using the parameters of the MD as input, can help to understand the detector performance and reconstruct the number of muons. Thus, the measurement of the optical parameters of the water Cherenkov detector, such as the water absorption length, reflectivity of the inner Tyvek, and the Tyvek-reflection model is very important. These parameters are also important for understanding the optical mechanisms, which are measured and studied by several experiments with different methods.
The number of photons N 0 decreases to N 0 × e (− with the straight transmission distance of x, where λ is the water absorption length and λ s is the water scattering length. The absorption length of water depends on the water purity and the wavelength of photons, which is difficult to be measured accurately for the pure water with long absorption length. The absorption length of pure water measured by different experiments are ranging from tens of meters to hundreds of meters with large inconsistencies, which is probably due to a combination of the experimental error and the different water purity [9] . Usually the attenuation length which is the combined effect of the water absorption and scattering effect is obtained by measuring the light intensity for photons passing through different distance of water [10] [11] , and then the absorption length can be calculated by subtracting the scattering effect. There are also certain methods to measure water absorption length effectively and independently of scattering effects at levels, with the results depending on the water quality in the equipment [12] [13].
Tyvek is a paper-like material made with randomly distributed fibers of high-density polyethylene, which has high-reflectivity with diffuse reflection as the main part. The water absorption length and Tyvek reflectivity depend on the wavelength of the photon, and reaches the maximum value with the wavelength about ∼400 nm. The maximum reflectivity of Tyvek in the water can be bigger than 98.5%, which is greater than that in air. The reflectivity of diffuse materials is usually measured with the integrating sphere method, with a special and expensive equipment in the Bureau of Measures. The reflectivity of Tyvek 1082D used by LHAASO-MD prototype for photons with 405 nm wavelength in air, measured in the Bureau of and Measures is 93.9%, with 1% of uncertainty. The reflection model, related to the angular distribution of photons reflected by the Tyvek, may also be different for water as compared to air. Several experiments have measured the angular distributions of photons reflected by the Tyvek in certain directions [14] [15] . For the LHAASO muon prototype simulation, we used the UNIFIED Model to describe the Tyvek optical model using a ratio of diffuse reflection of ∼85%, and others described as diffuse mirror reflection with a Gaussian-like angular distribution with a sigma of approximately 15
• . These parameters for the Tyvek model are similar to the parameters used by other experiments [16] . The mean transmission distance of photons between each reflection in the cylindrical water Cherenkov detector (the mean step length), is found to be constant after some number of reflections when there is enough photons in the tank. The mean step length depends on the Tyvek reflection model and geometry of the detector, is also a decisive factor for the performance of the detector. Cavity ring-down method is widely used by measuring the attenuation of photons reflected by two mirrors with fixed reflection optical path between each other [17] [18] . We found the optical parameters can be obtained by measuring the attenuation of photons in the cylindrical detectors with high-reflectivity and diffuse reflection dominated materials as the inner surface, because the mean step length of multiple photons in the tank becomes stable after several reflections.
We have proposed new methods to measure the water absorption length, the reflectivity of Tyvek, and the mean step length of photons based on the theory and experiment study, by using only the PMT to collect the time distribution of photons hitting it, while a pulse generator-driven LED provides single wave photons in the tank. These methods are supported by the deduction of formulae, and also verified by the GEANT4 simulation accompanied by the prototype experiment. The reflectivity for high-reflectivity materials with diffuse reflection as the main part can be measured by the new methods with bias less than 0.2%. The mean step length of photons in the tank measured by the new methods is quite consistent with the values read out from simulation with high accuracy. The water absorption length can also be measured simultaneously, with accuracy higher than the long tube method. The water absorption length, the reflectivity of inner surface, and the mean step length of photons in the water Cherenkov detector can be measured directly by the detector, without the errors and contamination caused by the other equipments.
Theory and methods
The directions of photons in the cylindrical water Cherenkov detector are completely randomized after tens reflections by the Tyvek, and the mean step length of photons between each reflection becomes stable (see Fig. 1 and Fig. 2 ). The transmission distance of photons between each reflection can be read out and supplied by GEANT4 simulation, which can be averaged to get the mean step length of photons in the tank. The black points in Fig. 1 represent the simulated step length of photons at different time after multiple photons is generated in 10 ns in a small tank with a diameter of 90 cm and a height of 88 cm, with a water absorption length of 100 m and a Tyvek reflectivity of 98%. The red points in Fig. 1 are the profiled mean values of the black points, which are the mean step length for the small tank with the total inner surface of the tank is covered by the Tyvek except for a small hole for the PMT, while the green points are the mean step length of photons in the small tank when the side Tyvek is shielded with vertical black strips to reduce the ratio of Tyvek reflecting area to the total inner surface to approximately 97.8%. The green points in Fig. 2 represent the mean step of photons at different time ranges after the generation of photons, averaged with the read out values from the LHAASO-MD prototype simulation with a water absorption length of 100 m and a Tyvek reflectivity of 98.5%. The black points represent the mean step length of photons in the Cherenkov tank with the same LHAASO-MD, but with a detector height of 90 cm, while the red points are the values for the tank with a height of 60 cm. It can be seen that the mean step length changes with the detector height, but remains stable when the Tyvek area is slightly changed by the vertical black strips.
Assume that a number N 0 of photons with water absorption length (λ) and Tyvek reflectivity ( f ) flying in the tank at a certain time when the mean step length L becomes stable, while r percent of the inner surface is covered by Tyvek and the reflection of the left part is 0. For another time t, the total transmission distance of each survival photons is t multiplied by the velocity of photons. The number of photons with flying distance x becomes
(
The decreasing function is not affected by the scattering factor of the medium in the tank, because the scattered photons are still in the tank. For water and air, the scattering effect is very small compared to the water absorption and Tyvek absorption, while the effect of scattering on the mean step length is negligible as well. In the meantime, the number of photons decreases with the function N 0 × e − x λm , where λ m is the effective attenuation length of photons in the tank determined by the total absorption effect in the tank. There is formula:
The probability of a photon hitting the PMT photocathode is constant for each reflection by the liner, and the decrease factor of photons hitting the PMT is equal to that of the total photons in the tank, when it contains enough photons. The number of total photons in the tank and as well as the photons hitting the PMT decrease with the transmission distance according to e The formula 2 can be rewritten as
Thus, the effective attenuation length of photons measured by the PMT is the function of the water absorption length λ, Tyvek reflectivity f , ratio of the Tyvek area to the total inner surface r, and the mean step length L of photons in the tank. The effective attenuation length can be measured by using a LED providing pulse light with certain wavelength, and by measuring the reflection of photons in the tank with the PMT. For the cylindrical tank with a Tyvek inner surface, the mean step length is found to be constant when the ratio of the Tyvek area is changed from 100% to 95% by shielding the side Tyvek with black vertical strips of different widths (as shown in Fig. 1 ). After measuring the effective attenuation length of photons with different ratios of Tyvek areas, the mean step length can be fitted out with the formula in Eq. (3) by fitting the data points of λ m versus r. Simultaneously, the total effect of the value of 
Thus, the mean step length can be measured by changing the area of the Tyvek in the tank even if λ and f are unknown; however, λ or f can be determined if another value is known. If the medium in the tank is air, absorption can be ignored, hence
Thus, the mean step length of photons in the tank and the Tyvek reflectivity f in air can be measured simultaneously. For the water Cherenkov detector, the inner surface is usually completely covered by Tyvek, excluding the PMT area, and the PMT absorption can be ignored if the PMT area is small compared to the inner surface. For this case, Eq. (3) can be written as
where λ m is the attenuation length due to the Tyvek absorption and water absorption. The mean step length of photons in the water Cherenkov detector is determined by the geometry of detector, thus it changes with the height of detector (as shown in Fig. 1 ). The mean step length can be measured directly, or can be determined by simulation as well. Measuring the effective attenuation length of photons by the PMT with different heights of water, can provide data points of the effective attenuation length λ versus the mean step length. Then, the water absorption length and Tyvek reflectivity in the water can be simultaneously obtained by fitting the data with Eq. (6).
3. Verification of the novel method for measuring the step length
Simulation 3.1.1. Simulation of the water condition
Firstly, a GEANT4 simulation was performed to test the novel method of measuring step length. For the calculations, a cylinder tank with the radius of 90 cm and height of 88 cm was used, with Tyvek as inner reflecting surface, containing pure water. The water absorption length was set to 100 m and the Tyvek reflectivity was set to 95%. A small hole with a diameter of 1.5 cm is opened on the top Tyvek, and a PMT is on the top facing downward to collect photons in the tank through the small hole. Initially all the inner surfaces, except the PMT area was set as Tyvek, and the parameters describing the Tyvek reflection model were the same as those used in the LHAASO-MD prototype simulation described above. In the simulation, 1 billion photons with a wave length of 405 nm were generated in 10 ns, and photons reaching the PMT were collected to obtain the time distribution of photons hitting the PMT (see Fig. 3 ). The step length of photons between each reflection can also be obtained by the simulation. The black points in Fig. 1 are the step length of photons at different time after the generation of photons in the tank, and the red points are the mean values at different time ranges.
Then, a long vertical strip of the side Tyvek with a height of 80 cm and width of 2 cm was removed to achieve an area of 0 reflectivity, and photons were generated and simulated to obtain the time distribution of photons hitting the PMT under this condition. Then, the width of the dark surface was set to 4 cm, 6 cm, 8 cm, and 10 cm. The red points in Fig. 1 represent the mean step length values at different time ranges with the width of the black strip of 10 cm. It can be seen that the step length becomes constant after 20 ns and the mean step length is similar for different ratios of Tyvek area under these conditions. In this process, the ratio of the Tyvek area to the inner surface was calculated by considering the area of the dark area and the PMT area, and the calculated ratio of the Tyvek area was ranging from 99.986% to 97.808%.
The time distribution of photons hitting the PMT was determined from each simulation, fitted with the function N 0 × e − t τ , and the attenuation length was obtained by multiplying τ with the velocity of photon. The time range with exponential distribution and at least 1000 photons hitting PMT in each ns is the reasonable fitting range, with constant mean step length in the range. The time distribution from each condition was fitted in three differ ranges(30-140 ns, 50-170 ns, 70-190 ns), and three attenuation length were obtained for the systematic error calculation considering the fitting error caused by statistics is negligible. Figure 4 shows the attenuation length versus the ratio of Tyvek area obtained from the simulation in each condition. The y-axis of each red point in Fig. 4 is the mean value of the attenuation length given by the time distribution fitted in three different ranges, and the error bar shows the largest bias of the mean value for the three results. The black line is the fitting with the function in Eq. (4), with the mean step length obtained from the fitting is approximately 0.5932 m, which is in good agreement with the value about 0.6 m averaged with the read out values from the simulation shown in Fig 1. The total effect of 1 λ − ln f L is also determined from the fitting.
Simulation of the air condition
If the absorption length λ is sufficiently high, the absorption of the medium can be ignored, and the step length and Tyvek reflectivity can be measured simultaneously by changing the inner Tyvek area of the cylindrical tank. Another simulation was performed under the same conditions to the process above, but the absorption length was set to 1000 m. The tank diameter and height remained 90 cm and 88 cm, respectively, and the side Tyvek was shielded with a different vertical black strips with a height of 80 cm and widths in the range of 0-10 cm. Photons were generated for each simulation and the time distribution of photons hitting the PMT was determined and fitted in three different ranges to obtain the attenuation length. Figure 5 shows the effective attenuation length versus the ratio of Tyvek area from the simulation with an absorption length of 1000 m and Tyvek reflectivity of 95%. The results from the fit with the
L ) are shown in Fig. 5 . The reflectivity is 94.93% and mean step length is 0.5965 m, which are in very good agreement with the input and expected values, with a bias for the reflectivity less than 0.1% and the bias for a mean step length less than 1%. The absorption length of air is usually greater than 1000 m, thus, the step length and the Tyvek reflectivity in the air can be measured simultaneously with this method. 
Experiment for the measurement of step length and reflectivity in air
A cylindrical hollow shell tank with 90-cm diameter and 88-cm height was made to measure the step length and Tyvek reflectivity in air, using Tyvek as the inner surface and the tank filled with air. The left pane in Fig. 6 shows a schematic diagram of the experiment, and the right pane shows an image of the real experimental and data acquisition system. The tank was shielded by a dark sheet with no light leakage, and a LED generating photons with a wavelength of 405 nm was placed in it. Firstly, the inner surface is completely covered by Tyvek 1082D, except for a 1.5-cm diameter round hole on the top for the PMT to collect photons. The LED was driven by a pulse generator with 10 ns width and 1 kHz frequency, and the photons hitting the PMT were collected by an oscilloscope to obtain the waveform of the time distribution of photons. Data acquisition was trigged by another signal from the generator with the same start time and frequency as that of the signal to drive LED. Figure 7 shows the averaged waveform of the PMT signals of more than 1000 events, which represents the time distribution of photons hitting the PMT. The PMT waveform was fitted with the function N 0 × e − t τ , then the time decay factor was converted to effective attenuation length by multiplying the velocity of light.
Then, the side Tyvek is shield with an 80-cm high vertical black strip with widths of 2 cm, 4 cm, 6 cm, 8 cm, and 10 cm. The LED was driven by a pulse generator and the PMT waveform was obtained by the PMT under each condition. The effective attenuation length was determined from the fitting under each condition in three different ranges, and the ratio of the Tyvek area was calculated. The red points in Fig. 8 represents the effective attenuation length versus the ratio of the Tyvek. Each effective attenuation length is the mean value from the relative PMT waveform fitted in three different ranges, and the error is the largest bias with the mean value. The black line represents the fitting with function
L ), and the mean step length and Tyvek reflectivity was determined from the fitting simultaneously. The measured reflectivity is 94.84% and the step length is 0.6016 m with some errors. The step length is in good agreement with the results from the simulation. The measured reflectivity is consistent with the Tyvek reflectivity measured by the Bureau of Measures in the error range. The measured reflectivity was the total reflectivity of the inner surface, which had contributions other than that of Tyvek. If the outside of Tyvek was directly shielded by the black sheet, eliminating the effect from the outer steel, then the measured reflectivity equals to the sole reflectivity of the Tyvek. The error due to the size of the detector is less than 0.15%, which was obtained by fitting the data points of attenuation length versus ratio of Tyvek area, with ratios of Tyvek area calculated by changing the diameter and height of the tank with 1 cm. The error due to the reflection of the black sheet is less than 0.1%, determined by supposing the reflectivity of the dark sheet as 0.1%. Typically, the error caused by the PMT performance can be ignored for the fitting of PMT waveform if the statistic is high enough, as the sigma of single photon electron is usually less than 2 ns. The time range with exponential distribution and high statistics for the PMT waveform is the reasonable fitting range, without the first part affected by the initial directions of photons and the tail of the waveform with low statistics. The error due to the fitting of the PMT waveform were calculated with the fitting in three different ranges, which is less than 0.1% for reflectivity and less than 1.2% for mean step length (see Fig. 8 ).
4.
A novel method for the simultaneous measurement of reflectivity and water absorption length
Test with a small tank
Firstly, a cylinder tank with a diameter of 1 m was used in the simulation test. A small PMT was placed on the top of the Tyvek, allowing it to move with the height of water. The height of the detector was changed from 30 cm to 80 cm in steps of 5 cm for simulation. For each detector height, the total inner surface of the detector was covered by Tyvek, except for a 1.5-cm diameter hole on its top for the PMT. Photons with a wavelength of 405 nm were generated in 10 ns for each detector height, and the time distribution of photons hitting the PMT was determined (see Fig. 9 ). The Tyvek reflectivity was set to 98%, the water absorption length was set to 100 m, and the parameters for the Tyvek model were same as those for the LHAASO-MD prototype simulation. The mean step length was determined from the simulation for each detector height, with the total transmission distance divided by the number of reflections for photons with constant mean step length. The effective attenuation length was obtained by fitting the PMT time distribution with the function N 0 × e − t τ (see Fig. 9 ), then effective attenuation length were obtained. The red points in Fig. 10 represent the effective attenuation length versus the mean step length. Each effective attenuation length is the mean value from the time distribution fitted in three different ranges, and the error is the largest bias with the mean value. The black line is the fitting with Eq. (2). The result from the fitting for the Tyvek reflectivity is 97.94% and for the water absorption length is 106.1 m, with an error less than 0.1% for reflectivity and an error less than 10% for the water absorption length. The errors can be further reduced by considering the PMT absorption for the fitting of the time distribution with the function N 0 × e
where p is the ratio of PMT area to the total inner surface area and v is the velocity of photons. An experiment about the same process was done, with the measured Tyvek reflectivity and water absorbing length in the expected regions. 
Expectation for the LHAASO-MD parameter measurement
Each LHAASO-MD is a water Cherenkov muon detector with a diameter of 6.8 m and height of 1.2 m, with an 8-inch PMT mounted on the top facing downward. The optical performance of Tyvek is expected to be similar for different purity conditions of water in the tank, which can be measured in advance. The water absorption length depends on the quality and purity of the water, thus for the MD performance study it is advisable to measure the water absorption length of water in the MD tanks. Each MD has a Tyvek bag containing water, and the height of the top of the Tyvek changes with the height of the water during the installation the MD when filling it with water. The PMT waveform of muon signals and signals of LED photons with certain wavelength can be measured with different heights of water while filling water to the MDs. The attenuation length of photons can be determined from the fitting of the PMT waveform of the LED signals, and the step length can be obtained from simulation or can be measured in advance. Thus, the water absorption length and Tyvek reflectivity can be determined from fitting.
A simulation of this process was performed with the MD detector, with a tank diameter of 1.2 m and with an 8-inch PMT mounted on the top, by changing the height of water from 30 cm to 120 cm with a step of 10 cm. The Tyvek reflectivity was set to 98.5%, the water absorption length was set to 100 m in the simulation. Photons with 405 nm wavelength were generated for each simulation, and the time distribution of photons hitting the PMT and the mean step length for each water height were determined from the simulation. Figure 11 shows the time distribution of photons at the water height of 120 cm, and the fitting with the function N 0 × e − t τ to get the effective attenuation length. The red points in Fig. 12 are the effective attenuation length versus the mean step length. Each effective attenuation length is the mean value from the time distribution fitted in three different ranges, and the error is the largest bias with the mean value. The black line in Fig. 12 represents the fitting with Eq. (2). The result from the fitting for the Tyvek reflectivity is 98.39% and for the water absorption length is 96.18 m, with an error less than 0.13% for reflectivity and a bias less than 5% for the water absorption length. The errors can be further reduced by considering the PMT absorption for the fitting of the time distribution. 
Conclusion and discussion
We have developed novel methods for the measurement of water absorption length, Tyvek reflectivity, and mean step length of photons. These can be used for water Cherenkov experiment, and can be used in studies in optical physics as well. For example, the relationship of the water absorption length and Tyvek reflectivity between wavelength of photons and purity of water can be measured accurately. The parameters for the Tyvek reflection model can be fine-tuned after the mean step length Figure 12 : Attenuation length versus mean step length from the simulation of the LHAASO-MD tank with a diameter of 6.8 m and different heights, and inputs λ=100 m and f =98.5% is measured. Apart from Tyvek, the reflectivity of other highreflectivity materials with diffuse reflection as the main part can also be measured.
